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The eukaryotic cell has evolved regulatory mechanisms to induce structural changes to chromatin in response to environmental and cellular stimuli. Chromatin covalent modifiers catalyze specific post-translational modifications of the histones amino-and carboxy-terminal tails (KOUZARIDES 2007) , while chromatin remodeling complexes use the energy of ATP hydrolysis to change nucleosome positions or to incorporate histone variants into chromatin (EBERHARTER and BECKER 2004; SAHA et al. 2006) . These chromatin modifications, occurring without a change in DNA sequence, set different chromatin functional states and constitute the epigenetic marks of our genome (IMHOF 2006; MARTIN and ZHANG 2007; SALA and CORONA 2008) . Although it is expected that a cross-talk should exist between ATP-dependent remodelers and covalent modifiers of chromatin, little is known about how these activities are coordinated and integrated with each other in complex chromatin signaling pathways (JENUWEIN and ALLIS 2001; STRAHL and ALLIS 2000) .
ISWI is the catalytic subunit of several ATP-dependent chromatin remodeling complexes, highly conserved during evolution and essential for cell viability . ISWI-containing complexes play central roles in DNA replication, gene expression and chromosome organization (DIRSCHERL and KREBS 2004) . ISWI uses the energy of ATP hydrolysis to catalyze nucleosome spacing and sliding reactions . In Drosophila, loss of ISWI function causes global transcription defects and leads to dramatic alterations in higher-order chromatin structure, including the apparent decondensation of both mitotic and interphase chromosomes DEURING et al. 2000) . Recent findings indicate that 5 ISWI controls chromosome compaction in vivo, in part through its ability to promote the association of the linker histone H1 with chromatin SIRIACO et al. 2009 ).
In vitro and in vivo studies carried out in several model organisms have also shown the involvement of ISWI-containing complexes in a variety of nuclear functions including telomere silencing, stem cell self-renewal, neural morphogenesis and epigenetic reprogramming occurring during nuclear transfer in animal cloning (DIRSCHERL and KREBS 2004; PARRISH et al. 2006; XI and XIE 2005) . Inactivation of ISWI also interferes with the ras pathway (ANDERSEN et al. 2006) , and loss of ISWI function seems to be associated with a subset of melanotic tumors and the human multi-systemic disease Williams-Beuren syndrome (MELLOR 2006) .
The variety of functions associated with ISWI is probably connected to the ability of other cellular and nuclear factors to regulate its ATP-dependent chromatin remodeling activity (HOGAN and VARGA-WEISZ 2007; FERREIRA et al. 2007; CORONA et al. 2002) . Due to the broad spectrum of functions played by ISWI in vivo, it is likely that chromatin factors, nuclear enzymatic activities and a variety of histone modifications may influence its activity in vivo. In order to identify new regulators of ISWI function, we developed an eye-based assay to identify ISWI genetic interactors in the higher eukaryote D.melanogaster . Loss of ISWI function, by eye-specific misexpression of the dominant negative allele ISWI K159R , produces catalytically inactive ISWI that is incorporated into native complexes giving rise to rough and reduced eye 6 phenotypes in otherwise healthy flies DEURING et al. 2000) . In a previous study, we used this in vivo eye assay to conduct an unbiased genetic screen for mutations in genes that dominantly modify phenotypes resulting from the misexpression of ISWI K159R in the eye .
The screen produced the first genetic interaction map for the ATP-dependent chromatin remodeler ISWI in a higher eukaryote . The characterization of the network of factors we isolated revealed unanticipated roles for ISWI in the cell as well as novel mechanisms by which its activity could be regulated .
Interestingly, one class of mutants isolated in the ISWI K159R screen included chromatin components and nuclear enzymatic activities that could regulate ISWI function by covalently modifying chromatin factors or ISWI itself SALA et al. 2008) . The biochemical characterization of the genetic interactions recovered between ISWI K159R and genes encoding for chromatin covalent modifiers, established that eyebased genetic screens in flies could be a powerful tool for the in vivo dissection of chromatin-remodeling signaling pathways occurring in the nucleus (ARMSTRONG et al. 2005; BURGIO et al. 2008; SALA and CORONA 2009 (STOWERS and SCHWARZ 1999) .
Using the EGUF approach we generated flies with eyes homozygous for the ISWI 2 null allele (Compare Figure 1A & 1B) (DEURING et al. 2000) . Loss of ISWI in the eye by the EGUF approach caused reduced rough eyes, eye color variegation and loss of cell identity (ISWI-EGUF eye phenotype) (Compare Figure 1B) . The ISWI-EGUF eye phenotypes are specifically caused by the mitotic recombination of the ISWI 2 allele occurring in the developing eye-antennal discs ( Figure S1 ) and are characterized by defects in the retina structure consisting in the loss of ommatidia boundaries and orientation and in a reduced number of photoreceptors ( Figure 1B & Figure S2 ). Indeed, some photoreceptors appear to undergo a process of degeneration probably contributing to the observed ommatidia loss in the ISWI-EGUF adult eye ( Figure S2 ).
The ISWI-EGUF eye phenotypes are very specific for the loss of ISWI activity since they can be fully suppressed by an ectopic copy of wild type ISWI + (DEURING et al. 2000) , under the control of its natural promoter ( Figure 1C ), but not by a copy of ISWI K159R (DEURING et al. 2000) defective in its ATPase activity ( Figure 1D ). two genes encoding for known physical interactors of ISWI (BADENHORST et al. 2002; FYODOROV et al. 2004) , enhance ISWI-EGUF eye defects (compare Figure 1B with 1G & 1H), further indicating that the ISWI-EGUF phenotypes are specific for loss of ISWI activity and that they could also be used to recover dominant enhancers.
Previous work has shown that individuals that are homozygous for the ISWI 2 allele survive until late larval development, due to the high maternal contribution of ISWI CORONA et al. 2007) . Interestingly, loss of ISWI function in very late developing larvae (21 days) also caused global polytene chromosome condensation defects ( Figure S3 ), highly reminiscent of chromosome condensation defects observed when misexpressing ISWI K159R CORONA et al. 2007) . Therefore, we reasoned that similar chromatin organization defects in ISWI 2 null cells in the eye discs could also directly or indirectly contribute to the observed ISWI-EGUF eye defects, thus facilitating the genetic isolation of factor antagonizing ISWI chromatin remodeling activity. In order to identify potential loss-of-function interactions suppressing ISWI-EGUF eye phenotypes, we screened ~2000 newly generated insertions of the transposable mutator element PiggyBac ( Combining iPCR data for the EP interacting insertions available on Flybase, with iPCR sequencing data we generated for the PiggyBac interactors, we mapped ISWI-EGUF modifiers to 99 potential protein-coding loci (Table S1A and B). We found 21 PiggyBac (~1% of total insertions screened) and 78 EP (~8% of total insertions screened)
interactors (Table S1A and Table S1A and B).
One easy way to explain the bimodal type of interaction is that we scored two independent mutations, one enhancing and the other suppressing, coming from the same EP line tested. Indeed, for the bimodal interactions we isolated we confirmed that the 13 presence of two independent mutations (probably arising from a second non-annotated segregating independent insertion or lesion) were likely responsible for the bimodal genetic interaction initially scored (Table S1C) .
In order to understand the biological processes regulated by the ISWI-EGUF modifiers we isolated, we conducted a Gene Ontology (GO) analysis employing the latest protein annotations available on Flybase. Our GO analysis revealed that ISWI interacts with a network of cellular and nuclear factors involved in a variety of biological functions not previously linked with known ISWI activities ( Figure 3B ). Finally we compared the list of ISWI-EGUF modifiers we recovered with the one we obtained with our previous ISWI K159R eye assay ). This analysis revealed that the two screens resulted in the isolation of a number of common modifiers 14 (~25%; Figure 3C & Table S1B ). However, the ISWI-EGUF screen allowed us also to isolate cellular and nuclear factors that have escaped to our previous ISWI K159R genetic approach, including several Su(ISWI)'s ( Figure 3C & Table S1B ).
ISWI interacts with factors antagonizing its activity in vivo:
One of the main goals of the ISWI-EGUF screen was to isolate factors encoding activities that could antagonize ISWI function in vivo. Our genetic screen resulted in the isolation of several modifiers of ISWI-EGUF eye phenotypes behaving as suppressors ( Figure 3A & Table   S1 ). As expected, some ISWI suppressors are associated with enzymatic activities regulating chromatin function like trx, E(Pc), the poly-ADP-ribose polymerase tankyrase and the class I ubiquitin-conjugating (E2) enzyme effete (eff) ( Figure 3A & 4A) . Indeed, eff is thought to play essential roles in telomere function (CENCI et al. 2005) . Eff biochemically interacts with the zinc-finger transcriptional repressor encoded by the tramtrack gene (ttk) (BADENHORST et al. 1996; TANG et al. 1997) , whose mutations also Table S2A , B, C and D). Next, in order to verify whether the 12 small networks (comprising a total of 33 nodes with a network size ranging from 2 to 5 nodes) were functionally related to each other, we again queried the BioGrid to search for factors bridging any of the genes belonging to the 12 networks. Interestingly, this analysis identified 41 "Connecting" nodes linking the 33 genes included in the 12 small networks, defining a second big network ( Figure 5B , Figure S6 & Table S2E ). The bioinformatic analysis allowed us to predict that ISWI genetically and physically interacted with a series of factors, in part shared among the four different genetic screens analyzed (purple, yellow, green and blue nodes on Figure 5 ) and in part novel (red nodes on Figure 5 ), that may have escaped ISWI-based screens.
In order to verify whether the predicted interacting nodes were true ISWI genetic interactors, we tested multiple alleles for each of the "Neuronal Morphogenesis" and the worm "Multiple Cell Fate" screens and the "Connecting" nodes, for their ability to interact in the ISWI-EGUF or the ISWI K159R eye assays. Remarkably, alleles of genes corresponding to 63% of the "Neuronal Morphogenesis", 90% of the "Multiple Cell Fate"
and 50% of the "Connecting" nodes genetically interacted with at least one of the ISWI-EGUF or ISWI K159R eye assays ( Figure 5C & Table S3 ). Our data strongly indicate that the nucleosome remodeling factor ISWI functionally interacts with an evolutionarily conserved network of cellular factors, predicted by the gene network analysis we conducted.
Loss of ISWI cause cell cycle defects that can be suppressed by Su(ISWI)'s:
A GO analysis on the evolutionarily conserved network of ISWI interactors suggested a significant enrichment of regulators of cell cycle and signal transduction (i.e. Stg, Abl, Rbf1, E2F, Ras85D) ( Figure 5 & Table S2 ). In particular, an analysis conducted with
Ontologizer (to quantify GO terms representation) showed that 'cell cycle regulation' is an overrepresented category within the combined interacting nodes shown in Figure 5 (P value = 0.03; Table S2 ). Loss of ISWI activity has been linked to different aspect of cell cycle regulation connected for example to the development of melanotic tumors (MELLOR 2006) , the regulation of the germline stem cell self-renewal and the Rb pathway (DIRSCHERL and KREBS 2004; PARRISH et al. 2006; XI and XIE 2005) . Moreover, our data show that loss of ISWI in the eye-antennal discs causes an eye phenotype characterized by patches of ommatidia that are either missing, disorganized, dedifferentiated or variagated ( Figure 1B and Figure S2 ; BURGIO et al. 2008) , suggesting a possible role for ISWI in cell viability and the control of differentiation.
In order to directly test whether loss of ISWI causes cell cycle defects, we analyzed isolated cells populations from imaginal discs and larval brains, obtained ex-vivo from wild type (w
1118
) and ISWI mutant larvae using a new method we recently developed (COLLESANO and CORONA 2007) . We decided to analyze imaginal discs because they contain highly proliferating cells and also because we conducted the two ISWI screens in eye-antennal imaginal discs. However, we also extended our analysis to brain tissues in order to test potential ISWI cell cycle defects also in highly differentiating cells (COLLESANO and CORONA 2007) . Isolated cell populations were directly analyzed by flow cytometry and cell cycle profiles were subjected to quantification ( Figure S7 ) (COLLESANO and CORONA 2007) .
Our analysis revealed significant differences in cell cycle profiles between wild type and ISWI mutant larvae. Loss of ISWI in total imaginal or in eye imaginal discs caused a marked decrease of both G1 and G2/M peaks as well as a dramatic increase of the PreG1 peak (red and purple arrows in Figure 6B and C; Figure S7E and G). We reasoned that the increase in the PreG1 peak reflects DNA fragmentation due to cell death likely caused by a G1 or G2/M block caused by ISWI mutant discs defects (i.e.
alterations in chromosome condensation, replication or gene expression). Interestingly, the PreG1 defect is specific for proliferating ISWI mutant discs and it is not detected in ISWI mutant differentiating brain cells which are a mixture of differentiated and cycling cells, with a significant contribution of cells in G1 ( Figure 6A and Figure S7C ). On the other hand, ISWI mutant brain cells show a reproducible ∼2 fold increase in the G2/M cell population and a shorter S phase when compared to wild type (green and blue arrows in Figure 6A and Figure S7B ), probably reflecting a G2/M block or a faster S phase (as previously shown in SL2 cells silenced for the ISWI regulator Acf1 (FYODOROV et al. 2004) Figure 6A and Figure S7B ).
Interestingly, the wun PBacF48 Su(ISWI) also suppressed ISWI S-phase defect ( Figure 6A and Figure S7B ), however, both casp PBacG75a and wun PBacF48 failed to suppress the ISWI G2/M increase observed in differentiating brain cells ( Figure 6A and Figure S7B ).
These results indicate that the specific S-phase shortening and the G2/M increase observed in brain cells are very likely independent non-coupled ISWI defects.
Interestingly, wun PBacF48 and casp PBacG75a can also suppress ISWI PreG1 defects observed in imaginal disc cells ( Figure S7D and E) and restore a cell cycle profile similar to wild type ( Figure 6B ). Remarkably, while the Su(ISWI) EP lines eff EP3627 and ttk EP3314 in the presence of the eyGAL4 driver weakly suppress eye disc specific ISWI PreG1 and G1-G2/M defects, the mbf1 EP3684 Su(ISWI) strongly suppresses these defects (Figure S7F and G; Figure 6C ).
Concluding remarks:
The ISWI-EGUF screen allowed us to isolate new ISWI genetic interactors that increased our understanding of the complex network of factors regulating ISWI nuclear signaling pathways. The ISWI-EGUF screen revealed that ISWI interacts with an evolutionarily conserved network of cellular and nuclear factors that ISWI and the variety of modifiers we identified will need further characterization and many of the isolated modifiers may act indirectly (i.e. by regulating the perdurance, the expression or regulators of ISWI), we believe that the network of ISWI enhancers and 21 suppressors we isolated represents an invaluable selected cohort of genes that could be potentially assayed on any biological process where an ISWI-dependent functional assay is available.
MATERIALS AND METHODS

Drosophila stocks and genetic crosses:
Flies were raised at 25°C on K12 medium (GENOVESE and CORONA 2007) . Unless otherwise stated, strains were obtained from Bloomington, Szeged and DGRC Stock Centers, and are described in FlyBase (http://www.flybase.org).
ISWI-EGUF eye characterization:
The EGUF approach (STOWERS and SCHWARZ 1999) was employed to obtain, by mitotic recombination, flies with eyes entirely composed of site linked with the GMR-hid transgene could be easily recognized because they cannot undergo eye specific mitotic recombination, thus generating slightly pigmented adult eyes without ommatidia (Figure 2A ) (STOWERS and SCHWARZ 1999) . Interacting, mutator insertions were retested and balanced on both chromosomes. The PiggyBac mutator HORN et al. 2003) , containing the tetracycline transactivator gene (tTA) instead of the yeast GAL4 transactivator was employed to avoid interference with the EGUF system.
ISWI-EGUF EP genetic screen:
The EP collection on the 3 rd chromosome (RORTH et al. 1998) ISWI-EGUF genetic screen scoring system: The ISWI-EGUF eye phenotypes are highly penetrant (100%; n=1000) and show a very low expressivity (less then ~15% of progeny show phenotypes less or more severe than the standard ISWI-EGUF eye phenotypes; n=1000). Nevertheless, both the PiggyBac and EP ISWI-EGUF screens were conducted in F 3 and F 2 , respectively (see Figure 2) Figure S4 ). On the other hand, false Su(ISWI) were identified by their inability to suppress ISWI-EGUF eyes in the presence of an extra copy of the GMR-hid transgene not linked to the FRT42D recombination site ( Figure   S4 ). Finally, En(ISWI) and Su(ISWI) isolated with the EP screen, were eliminated for their failure to enhance or suppress ISWI-EGUF eye phenotypes in the absence of the FRT42D, ISWI 2 chromosome ( Figure S4 ).
iPCR and candidate allele analysis: We mapped ISWI-EGUF modifiers to 99 potential protein-coding loci (Table S1 ), combining iPCR data available on Flybase (www.flybase.org) for the EP interacting insertions, with the iPCR sequencing data we generated for the PiggyBac interactors, using standard protocols (www.fruitfly.org/about/methods/inverse.pcr.html). Some ISWI-EGUF modifiers (i.e.
mbf1, ttk, eff, stg, and cpo) were validated by testing other alleles of these genes, available from public stock centers for these, using the genetic screen scheme used for testing EP insertions. Mutations in genes corresponding to "Neuronal Morphogenesis", "Multiple Cell Fate" and "Connecting" nodes were obtained from public stock centers and tested for their ability to interact in the ISWI-EGUF eye assay, using the genetic screen scheme used for testing EP insertions, and in the ISWI K159R eye assay according to ). Morphogenesis", 90% of the "Multiple Cell Fate" and 50% of the "Connecting" nodes genetically interacted with the ISWI-EGUF or the ISWI K159R eye assays (C). These interaction frequencies are much greater than the frequencies of ISWI interaction we normally get with eye-based screens (usually in ∼1-11% range), suggesting that the gene network analysis we conducted increased our ability to predict ISWI interactors.
Bioinformatic and cell cycle analyses:
The edges represent known physical and genetic interactions identified with the experimental system indicated in the legend. ISWI-EGUF or ISWI K159R interacting genes are highlighted in bold and have a bigger node size. 
